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Abstract 
Background: Emergence of resistance against integrase inhibitor raltegravir in human immunodeficiency virus type 
1 (HIV-1) patients is generally associated with selection of one of three signature mutations: Y143C/R, Q148K/H/R or 
N155H, representing three distinct resistance pathways. The mechanisms that drive selection of a specific pathway are 
still poorly understood. We investigated the impact of the HIV-1 genetic background and population dynamics on the 
emergence of raltegravir resistance. Using deep sequencing we analyzed the integrase coding sequence (CDS) in lon-
gitudinal samples from five patients who initiated raltegravir plus optimized background therapy at viral loads > 5000 
copies/ml. To investigate the role of the HIV-1 genetic background we created recombinant viruses containing the 
viral integrase coding region from pre-raltegravir samples from two patients in whom raltegravir resistance devel-
oped through different pathways. The in vitro selections performed with these recombinant viruses were designed to 
mimic natural population bottlenecks.
Results: Deep sequencing analysis of the viral integrase CDS revealed that the virological response to raltegravir 
containing therapy inversely correlated with the relative amount of unique sequence variants that emerged suggest-
ing diversifying selection during drug pressure. In 4/5 patients multiple signature mutations representing different 
resistance pathways were observed. Interestingly, the resistant population can consist of a single resistant variant that 
completely dominates the population but also of multiple variants from different resistance pathways that coexist in 
the viral population. We also found evidence for increased diversification after stronger bottlenecks. In vitro selections 
with low viral titers, mimicking population bottlenecks, revealed that both recombinant viruses and HXB2 reference 
virus were able to select mutations from different resistance pathways, although typically only one resistance pathway 
emerged in each individual culture.
Conclusions: The generation of a specific raltegravir resistant variant is not predisposed in the genetic background 
of the viral integrase CDS. Typically, in the early phases of therapy failure the sequence space is explored and multiple 
resistance pathways emerge and then compete for dominance which frequently results in a switch of the dominant 
population over time towards the fittest variant or even multiple variants of similar fitness that can coexist in the viral 
population.
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Background
Currently, viral replication is successfully suppressed in 
the majority of HIV-infected patients treated with com-
bination antiretroviral therapy (cART) [1]. However, 
virological failure associated with the emergence of drug 
resistant viruses may still limit the success of cART. The 
emergence of drug resistance in HIV is a direct conse-
quence of the high error-rate of the HIV reverse tran-
scriptase (RT) enzyme [2–4]. The frequent incorrect 
nucleotide incorporations result in evolution of the viral 
population and generate a myriad of viral variants upon 
which selective forces may act. The population size and 
replication rate are important viral parameters that con-
tribute to the probability that resistance emerges and to 
how HIV-1 drug resistance evolves [5–9].
Integrase inhibitors comprise a class of antiretroviral 
drugs that specifically prevent the integration of the viral 
genome into the human genome. Raltegravir is the first 
representative of a class of integrase inhibitors that tar-
get the strand transfer reaction (INSTIs) of the viral DNA 
into the host genome which is performed by the viral 
enzyme integrase. Like other INSTIs, raltegravir prefer-
entially binds and inhibits the viral DNA-integrase com-
plex (intasome) over unbound integrase [10–12].
It was the first integrase inhibitor used in clinical prac-
tice (since 2007) but was recently registered by the FDA 
for once daily dosing [13] and is very well tolerated [14] 
due to a low toxicity profile [15]. Resistance is commonly 
associated with selection of one of the signature ralte-
gravir resistance mutations Y143C/R/H, Q148H/K/R or 
N155H [16–18]. Mutations at each of these three amino 
acids represent a distinct resistance pathway and all sig-
nature mutations are associated with reductions in viral 
replication [17, 19, 20]. Accumulation of secondary resist-
ance mutations is often associated with a greater loss of 
drug susceptibility and/or improved viral fitness [21–23]. 
Different mutational combinations vary greatly in their 
impact on raltegravir susceptibility and viral replica-
tion. In general, substitutions at amino acid position 148 
confer higher levels of resistance than substitutions at 
amino acid Y143 or N155. The G140S plus Q148H com-
bination is considered the most resistant variant and has 
little effect on viral replication. The resistance patterns 
observed in HIV-1 patients on a raltegravir containing 
regimen are very diverse and Q148H/K/R (usually with 
G140A/C/S and/or E138A/K) and N155H (often together 
with E92Q or V151I) mutations are observed more fre-
quently than Y143 mutations [24]. The different resistance 
pathways are believed to be mutually exclusive and multi-
ple primary mutations (especially 148 +  155 mutations) 
are generally not observed on the same viral genome [25]. 
Remarkably, replacement of the dominant resistant pop-
ulation by a viral population with a completely different 
resistance pattern during continuous non-suppressive 
INSTI therapy has been observed [26–29].
The mechanisms that drive selection and switching of 
resistance pathways are inadequately understood. Under-
standing these mechanisms is essential in view of other 
INSTIs that are in clinical use (elvitegravir and dolutegravir) 
or in clinical trial (bictegravir and cabotegravir), since their 
resistance profiles partially overlap with that of raltegravir 
[25]. For instance, raltegravir resistance mutations Q148H/
K/R and N155H show a high level of cross-resistance with 
elvitegravir, but elvitegravir susceptibility is unaffected by 
Y143 mutations [30, 31], a difference that is beautifully 
explained by crystal structures of the intasome in presence 
of raltegravir or elvitegravir [11]. The VIKING studies dem-
onstrated dolutegravir’s superior resistance profile attested 
by sustained activity against all raltegravir resistant variants, 
except for viruses with a mutation at amino acid 148 in com-
bination with at least one secondary mutation at position 138 
and/or 140 [32–34]. These observations were corroborated 
by in vitro analysis of resistance profiles [35–37] which also 
uncovered two atypical INSTI resistance mutations (G118R 
and F121Y) that confer pan-INSTI resistance [38, 39].
We investigated the impact of the HIV-1 genetic back-
ground and population size on the evolution of raltegra-
vir resistance and their role in determining selection of 
a particular resistance pathway. Using next-generation 
sequencing (NGS) we analyzed patient-derived viral 
integrase sequences from samples taken before and dur-
ing raltegravir therapy failure. Frequency and dynamics 
analysis of the deep sequencing data was used to evaluate 
intra-patient evolution of resistance.
To investigate the role of the genetic background we 
generated recombinant viruses containing the viral 
integrase CDS from pre-raltegravir samples from two 
patients experiencing virological failure receiving ralte-
gravir therapy. With these recombinant viruses we con-
ducted multiple low multiplicity of infection (MOI) 
in vitro selections in parallel, with the advantage that all 
resistant variants generated are allowed to replicate and 
different raltegravir resistance pathways can be identified.
Results
During raltegravir resistance development, multiple 
resistant variants emerge that compete to become the 
dominant variant
We studied five patients who initiated raltegravir ther-
apy as part of a cART regimen and subsequently dem-
onstrated virological failure to the raltegravir containing 
regimen. Of note, all 5 patients were heavily pre-treated 
and raltegravir was part of a (partly) compromised back-
bone. This may partially explain the moderate virological 
responses and limited therapy success in these patients. 
Patient (Pt) 1, Pt2, Pt3 and Pt5 were infected with HIV-1 
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subtype B strains, Pt4 was infected with a HIV-1 CRF02_
AG strain. All patients started raltegravir therapy with 
viral loads  >  5000 copies/ml (c/ml) of HIV-1 RNA, as 
measured in the last viral load test before initiation of 
raltegravir therapy. To investigate if the emerged resist-
ant variants existed as minority variants before raltegravir 
therapy and how the resistant population evolved we ana-
lyzed longitudinal samples from these patients by NGS.
Patient 1
HIV-1 RNA initially decreased after start of raltegravir con-
taining cART (2.2 log decrease in HIV-1 RNA), but the viral 
load rebounded quickly after therapy initiation (< 81 days, 
Fig.  1a). Population sequencing revealed presence of 
raltegravir resistance mutations (E138E/K  +  Q148Q/
K/R +  N155H/H) and raltegravir was discontinued from 
the regimen after 124 days. NGS revealed very small popu-
lations at baseline containing Q148R and E138K (0.1% of 
the population, Fig. 2a), but they were not present on the 
same genomes (Fig.  2b). 40  days after start of raltegravir, 
virus with Q148R had increased to 1.7% of the popula-
tion and virus with E138K + Q148K had increased to 0.5% 
(Fig. 2a, b). These two variants dominated the population 
after 90 days (red nodes, Fig. 1a) but a third resistant vari-
ant appeared, N155H which already comprised 13% of 
the population. In the subsequent sample (153  days after 
start of raltegravir, black nodes Fig. 1a) the N155H variant 
replaced the Q148R variant and dominated the population 
together with the E138K  +  Q148K variant. Surprisingly, 
4  weeks after raltegravir discontinuation, wild-type virus 
had not reseeded the viral population which was consisted 
entirely of raltegravir resistant variants (Fig. 2).
Patient 2
Pt2 was off therapy for a few weeks due to toxicity related 
issues but a new five-drug regimen including raltegravir and 
darunavir resulted in a rapid decline of the viral load but was 
discontinued again because of darunavir-related toxicity 
(Fig. 1b). Shortly thereafter, the same regimen was restarted 
without darunavir resulting in a further decline of the viral 
load to undetectable levels. After brief virological suppres-
sion (HIV-1 RNA  <  50 c/ml, a 3.0 log decrease in HIV-1 
RNA), viral load rebounded and population sequencing 
showed gradual accumulation of raltegravir resistance muta-
tions: initially primary resistance mutation N155H appeared 
followed by two secondary resistance mutations, first Q95K 
and later V151I. NGS revealed no major raltegravir resist-
ance mutations at baseline or mutations at positions 143 or 
148 at any time-point, not even as minority variants (Fig. 2).
Patient 3
Pt3 only showed a partial virological response to the ralte-
gravir containing therapy (a 1.0 log decrease in HIV-1 RNA 
was observed) and full suppression was never achieved. The 
viral load rebounded shortly after start of raltegravir con-
taining cART (< 70 days, Fig. 1c) and the viral population 
contained N155H mutants. In a later time-point, 169 days 
after start of raltegravir, this population was replaced by a 
variant with primary mutation Y143R and several second-
ary mutations including L74M, T97A and G163E. NGS 
revealed only secondary mutations in the sample before 
raltegravir therapy, mostly as very low frequency variants 
(Fig. 2), including T97A and Y143C (both 0.2%). In a sam-
ple taken 28 days later, 77.5% of the population contained 
N155H, 15.4% had T97A and variants with Y143C were not 
detected anymore. In the subsequent sample 70 days after 
start of raltegravir therapy, N155H had increased to 88.6% 
and Y143C had reappeared in 11.8% of the reads. Y143C and 
N155H did not appear to be on the same genome (Fig. 2b). 
After 169 days the resistant population had shifted dramati-
cally, with Y143R making up 99.7% of the population and 
complete absence of N155H. Mutations L74M, T97A and 
G163R appeared in nearly the entire viral population.
Patient 4
Pt4 was also a partial responder (1.1 log decrease in HIV-1 
RNA) in whom virological suppression was not achieved 
during 48 weeks of raltegravir containing therapy. Sanger 
sequencing revealed only very small (< 20%) populations 
of Q148H/Q148R and N155H and resistant variants never 
dominated the population (Fig.  1d). Before raltegravir 
therapy, mutation Y143H was detected at low frequency 
(0.2%) by NGS but did not appear in any of the later 
samples during raltegravir treatment. In samples 8 and 
81 days after start of raltegravir therapy also no significant 
raltegravir resistance mutations were observed (Fig.  2a). 
However, in the sample 123 days after raltegravir therapy 
initiation several primary and secondary raltegravir resist-
ance mutations occurred. N155H was found in 14.4%, of 
the population, Q148H in 7.5% of which approximately 
half (4.1%) in combination with G140S and the remainder 
in combination with E157D (Fig. 2b). Q148R was present 
in 2.4% of the population and G163R in 2.7%.
Patient 5
In addition to a compromised backbone, this patient also had 
sub-therapeutic levels of raltegravir levels due to a drug–drug 
interaction with rifampicin (an interaction unknown at time 
of raltegravir prescription). Despite the suboptimal levels 
of raltegravir, switching to a raltegravir containing regimen 
quickly resulted in complete viral suppression (< 26 days, 3.3 
log decrease in HIV-1 RNA) but viral load rebounded within 
21 weeks (Fig. 1e). Population sequencing (sample 457 days 
after initiation of raltegravir) demonstrated that virus with 
integrase substitutions G140S +  Q148H completely domi-
nated the viral population.
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No major resistance mutations were detected at base-
line by NGS. Interestingly, in the first sample during 
therapy failure (blue nodes Fig.  1e) mutations from 
all three major resistance pathways including double 
mutants with secondary mutations were observed with 
G140S  +  Q148H being the most frequently occurring 
double mutant (Fig.  2). In this sample the variant with 
mutation N155H was the dominant variant but was out-
competed in the subsequent sample (red nodes Fig.  1e) 
by double mutant G140S + Q148H.
Evidence for elevated diversification following extinction 
from drug pressure on large viral populations
To get an impression of the evolution of the viral popu-
lation during raltegravir pressure we analyzed how the 
number of derived sequences and unique variants related 
to the viral load. To allow for easy comparisons, each of 
these measures were normalized on a 0–1 scale and plot-
ted in the same graph (Fig. 3, left panels). In all patients, 
the total number of derived sequences and the number 
of unique variants detected correlated with the viral load 
(See figure on previous page.) 
Fig. 1 Development of raltegravir resistance during raltegravir containing cART. Left hand panels: therapy history, HIV-1 RNA load,  CD4+ cell count 
and resistance mutations detected by population sequencing of five patients receiving raltegravir therapy. All viral load measurements are marked 
by a solid black circle. The  CD4+ cell counts are represented by open triangles. Samples analyzed by 454 deep sequencing are marked by colored 
circles. Resistance mutations detected by Sanger population sequencing are indicated in boxes. Only raltegravir resistance associated mutations 
are given. Right hand panels: evolution of resistance pathways, deep sequence analysis of the integrase core domain. Data was obtained by 454 
pyrosequencing. Relevant resistance mutations are indicated at the respective nodes. Figures were generated using the nucleotide sequences and 
the redundancy-level for calling a variant was set at 80. No mutation information indicates wild-type amino acids. The size of each node is scaled to 
reflect the relative abundance and viral load at each time point and patient. Time points are indicated by color and correspond to the colored circles 
in the left hand panels: green is the baseline sample, blue the first sample after raltegravir therapy initiation; red is the second sample after raltegravir 
therapy initiation; black is the final sample after raltegravir therapy initiation. In patient 3 gold is another baseline sample predating the green sample
a b
days since HIV-1 reads baseline aa T L I L E Q T F E G Y Q V N K E K G Double mutant n
raltegravir RNA load codon 66 68 72 74 92 95 97 121 138 140 143 148 151 155 156 157 160 163
mut. A - L P G H A - K - - R - - - - - - -
21217206813161351.qerf79980081263-
1.01.03.07.02.01.02.07.1)%(
mut. - - - - - H - - K - - R / K - - - Q - - 138K+148K 36
Paent 13263/3216393.qerf042709704
1 1.35.0/7.15.05.0)%(
mut. - - L - K R - - K S / C - R / K I H - K - - 138K+148K 5524 95R+148R 61 140C+148R 11 92K+148R 10
216631819575/562311/980865160121.qerf505010068109 138K+148R 136 72L+148K 12 148R+155H 11
1.00.312.08.45/1.131.0/8.01.456.01.01.0)%( 140S+148R 89 148K+157K 12 138K+155H 10
mut. - - - - Q - A - K A / C / S - R / K I H N - - R / E 138K+148K 4073 138K+155H 131 138K+148K+155H 54 140A+148R 31 140S+148R+156N 13 92Q+138K+148K 10
1/893102546717714/62331/14/21134348245.qerf801900032351 0 138K+148R 193 155H+163R 98 92Q+155H 44 97A+138K+148K 16 97A+155H 12
1.0/1.11.06.949.19.54/6.31.0/5.0/2.17.743.06.0)%( 151I+155H 176 138K+140A+148K 81 140C+148R 41 140S+148R 13 155H+163E 10
days since HIV-1 reads baseline aa T L V/I L E Q T F E G Y Q V N K E K G Double mutant        n
raltegravir RNA load codon 66 68 72 74 92 95 97 121 138 140 143 148 151 155 156 157 160 163
mut. I V I / T - - - - - - - - - I - - Q / K - E -
-45 51600 8714 freq. 12 15 4815 / 14 14 18 / 16 14
(%) 0.1 0.2 55.3 / 0.2 0.2 0.2 / 0.2 0.2
mut. - - I / L - - K - - - - - - - H N K - - 95K+155H 130
Paent 233 643 6995 freq. 6965 / 11 130 4648 54 39
2 (%) 99.6 / 0.2 1.9 66.4 0.8 0.6
mut. I - I - - K A - - - - - I H - - R - 95K+155H 6439 155H+160R 124 95Q+97A+155H 13
0612977469313966408741.qerf408700021482 151I+155H 949 95Q+155H+160R 36
1.28.994.212.08.580.0012.0)%( 95K+151I+155H 193 151I+155H 14
mut. - - I / L - - K / E / R A - D - - - I H - - - - 95K+151I+155H 8728 95K+97A+151I+155H        15 151I+155H 11 95K+151I+155H+170K         10
03888388015121/22/308821/6388.qerf848800667674 95E+151I+155H 22 72L+95K+151I+155H         12 95K+155H 10
8.999.991.02.01.0/2.0/5.991.0/9.99)%( 95K+151I 18 95R+151I+155H 12 95K+138D+151I+155H      10
days since HIV-1 reads baseline aa T L I L E Q T F E G Y Q V N K E K G Double mutant n
raltegravir RNA load codon 66 68 72 74 92 95 97 121 138 140 143 148 151 155 156 157 160 163
mut. - - V - - - - S G - - - I - R - - - 138G+151I 12
721108211141.qerf6384003949-
6.26.612.02.03.0)%(
mut. - - V / F - G R A S / L K - C - I S / D - K / G - - 72v+151I 27 151I+157G 16 143C+151I 12 95R+151I 11
0 5600 7030 freq. 27 / 11 10 11 12 17 / 12 19 12 5971 13 / 10 19 / 16 138K+157K 19 151I+155S 13 121L+151I 12 151I+155D 10
(%) 0.4 / 0.2 0.1 0.2 0.2 0.2 / 0.2 0.3 0.2 84.9 0.2 / 0.1 0.3 / 0.2 121S+151I 17 97A+151I 12 72F+151I 11
Paent mut. - - V P - - A - - - - - I H - - - R all mutants include 151I
3 619566402066293164.qerf020600682 72I+97A+163R 916 72I+74P+155H 13
2.515.770014.512.08.0)%( 72V+155H 35 72V+97A+163R 11
mut. - - L M - - A / I - - - C - I H - G - R all mutants include 151I 74M+97A+143C+163R  407 155H+157G+163R 12
8581219523086353411/713171401.qerf0863058507 155H+163R 867 97A+155H 338 97I+155H 11
5.053.06.880018.113.0/8.533.113.0)%( 97A+155H+163R 544 97A+143C+155H+163R  18
mut. - - L / V M G R A L / S G - R / P - I S / D - G E R all mutants include 74M+97A+143R+151I+163R 92G 12 155D 12 72V+163R 11
169 11000 4832 freq. 58 / 11 4675 12 11 4832 19 / 15 12 4819 / 13 4832 12 / 12 13 11 4832 72L+163R 58 121S 15 138G 12 95R 11 except:
(%) 1.2 / 0.2 96.8 0.2 0.2 100 0.4 / 0.3 0.2 99.7 / 0.3 100 0.2 / 0.2 0.3 0.2 100 121L 19 157G 13 155S 12 160E 11 L74+97A+143R+151I+163R  157
days since HIV-1 reads baseline aa T L I L E Q T F E G Y Q V N K E K G Double mutant n
raltegravir RNA load codon 66 68 72 74 92 95 97 121 138 140 143 148 151 155 156 157 160 163
mut. - - L / V - G - A - G - H - A D - - R - -
-143 15000 4951 freq. 186 / 68 11 10 18 12 11 12 12
(%) 3.8 / 1.4 0.2 0.2 0.4 0.2 0.2 0.2 0.2
mut. - - T / V / L - - - - L - - - - - D - - - - -
112197/071/671.qerf955400468
Paent 2.03.07.1/7.3/9.3)%(
4 mut. - S L - - - I L / S G - - - A - E - - - -
01810121/22016511.qerf0445007218
2.03.02.02.0/4.02.00.12.0)%(
mut. - - L / S - - R A S - S - H / R M H - D - R 140S+148H 198
43176130791711/56389101312123/49.qerf38840097321 148H+157D 167
7.24.34.414.04.2/5.71.42.03.02.07.0/9.1)%( 72L+155H 24
days since HIV-1 reads baseline aa T L I L E Q T F E G Y Q V N K E K G Double mutant n
raltegravir RNA load codon 66 68 72 74 92 95 97 121 138 140 143 148 151 155 156 157 160 163
mut. - - - - - - - - - - - - I D - K - - -
-2 77000 3897 freq. 26 11 12
(%) 0.7 0.3 0.3
mut. - - - - - - - - - S R / C H I H N - - - 140S+148H 54 143R+155H 16
215 8000 1313 freq. 54 424 / 41 66 23 767 31 155H+156N 31
Paent (%) 4.1 32.3 / 3.1 5 1.8 58.4 2.4 151I+155H 23
5 mut. - - - - - - - - - S - H - - - - - - 140S+148H 1342
341 16000 1342 freq. 1342 1342
(%) 100 100
mut. - - V - G - - - - S - H - - - - - - 140S+148H 3650
-056305631111.qerf056300042754 72V+140S+148H 11
-0010013.03.0)%( 92G+140S+148H 11
Fig. 2 Analysis of the longitudinal 454 deep sequencing data. a Analysis of the frequency of all non-synonymous mutations detected by deep 
sequencing at the 18 codons associated with raltegravir resistance. Only unique variants with a minimum of 10 reads were included in the analysis. 
Total number of reads and the proportion of reads containing the denoted mutations relative to the total number of reads are given. Mutations 
of interest are highlighted by colored boxes. Similar colored boxes are mutations that appeared to be on the same genome. Red boxes indicate 
mutations from the Q148 pathway, yellow boxes indicate the Y143 pathway and green boxes the N155 pathway. b Sequences containing multiple 
mutations are shown. Double mutants are sorted by frequency
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(R = 0.29–0.95). However, in a few cases either the num-
ber of sequences detected (Pt1 and Pt4) or the number 
of unique variants (Pt5) showed weaker correlations and 
thus we also investigated the population diversity relative 
to the viral load. Therefore, the normalized number of 
sequences and unique variants were divided by the nor-
malized viral load respectively (Fig. 3, right panels). Inter-
estingly, in patients 1, 2 and 5, the proportion of unique 
sequence variants appeared to increase when the viral 
load dropped. This suggests a sudden diversifying pres-
sure on the viral population. In contrast, in patients 3 and 
4 there appeared to be no correlation between the rela-
tive number of unique variants and the viral load which 
coincided with the smallest reductions in viral load dur-
ing raltegravir containing cART (Fig.  1c, d). These data 
indicate that the stronger the bottleneck is (i.e. largest 
reduction in viral load), the larger the effect is on subse-
quent diversification. Thus, extinction due to antiretrovi-
ral treatment appears to induce diversification.
The genetic background is not paramount for the 
emerging INSTI resistance pathway
To investigate the role of the viral genetic background in 
determining the raltegravir resistance pathway we cloned 
the integrase coding region from pre-raltegravir therapy 
samples from two patients (Pt1 and Pt2) in an HXB2 
reference background. These recombinant viruses were 
derived from amplicons of pre-raltegravir samples with 
a viral load of 21,800 and 51,600  c/ml respectively, cre-
ating libraries containing thousands of patient-derived 
sequences for both samples.
In these patients, raltegravir resistance developed 
through different pathways during raltegravir ther-
apy. In Pt1, resistance developed initially through 
E138K + Q148K and later a second variant emerged with 
N155H (Fig. 1a). In Pt2, raltegravir resistance developed 
initially through N155H and was complemented by two 
secondary mutations, Q95K and V151I, which made up 
nearly 100% of the viral population during prolonged 
therapy failure (Fig.  1b). With the recombinant viruses 
of these raltegravir baseline samples and HXB2 reference 
virus (molecular clone from pHXB2AF, therefore a single 
sequence input per replicate) multiple in vitro selections 
were performed in parallel.
All cultures were maintained for 10 serial passages to 
a final concentration of 1024 nM raltegravir. HXB2 virus 
predominantly selected mutation Q148K (in three out 
of the five independent cultures), N155H was selected 
once and in one culture only secondary resistance muta-
tions emerged (Fig. 4). Two of the Q148K mutations were 
(See figure on previous page.) 
Fig. 3 Viral load versus total number of sequences and number of unique variants. Left panels: the normalized (range 0–1) viral load, number of 
detected sequences and unique number of variants. The correlation coefficient, R, is indicated for the comparisons to the viral load. Right panels: 
the relative number of derived sequences and the number of unique variants relative to the viral load. Figures were generated using the nucleotide 
sequences and the redundancy-level for calling a variant was set at 80
Integrase
position 68 72 74 92 121 138 140 143 148 151 155 163 230 232 233 265 280
HXB2 aa L V L E F E G Y Q V N G S N P A C
n = 5
# 1 HXB2 - - - - - - A - K - - - - - - - -
# 2 HXB2 - - M - Y - - - - I - R - - - - -
# 3 HXB2 - V/I - - - K - - K - - - - - - - -
# 4 HXB2 - - - - - A - K - - - - - - - -
# 5 HXB2 - - - Q - - - - - I H - - - - - -
n = 5 baseline aa I D V
# 1 pt1 (148 pathway) - I - - - K C - K - - - - D - V -
# 2 pt1 (148 pathway) - I L/M - - - - C - - H R S/K/R/N D - V -
# 3 pt1 (148 pathway) - I - - - - - R - - H - - D S V -
# 4 pt1 (148 pathway) - I - - - - S - R - - - - D - A -
# 5 pt1 (148 pathway) - I - - - - S - H - - - - D - V -
n = 5 baseline aa V/I D
# 1 pt2 (155 pathway) - I - - - - S - H - - R - D - - -
# 2 pt2 (155 pathway) - - - - - - S - H - - - - H - - Y
# 4 pt2 (155 pathway) V I - - - - - - - - - - - D - - -
Fig. 4 Raltegravir in vitro selections with patient-derived integrase recombinant viruses. Raltegravir concentration was doubled in each serial 
passage to a final concentration of 1024 nM of raltegravir in passage 10. All differences from the HXB2 reference sequence are given and mutations 
emerging during the raltegravir in vitro selections in the viral integrase coding region are indicated in red. The indicated mutations were detected 
by population sequencing of viral RNA in the culture supernatants from passage 10. Cultures 3 and 5 from Pt2 were discontinued due to failed virus 
propagation
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accompanied by G140A, the third by E138K. G140S was 
probably not selected because it required two nucleotide 
changes in this HXB2 background; G140A and E138K 
required just one. The N155H-virus additionally acquired 
mutations V151I and later E92Q. Amino acid substitu-
tions at residue 143 were not observed. In vitro selections 
with Pt1 recombinant virus yielded amino acid substi-
tutions at all three major resistance positions. Again, 
Q148 mutations dominated (3/5  cultures). Interestingly, 
in the two other cultures, N155H emerged in combina-
tion with amino acid substitutions at position 143 (one 
with Y143C and one with Y143R, Fig.  4). The muta-
tions selected in  vitro differed remarkably from what 
was observed in  vivo. The difference between in  vivo 
and in vitro resistance was even more profound for Pt2. 
In  vivo, only mutations relating to the N155H pathway 
were observed and no other significant mutations were 
detected by deep sequencing. In contrast, in  vitro only 
mutations from the Q148 pathway were detected (Fig. 4). 
Cultures #1 and #2 both developed raltegravir resistance 
through G140S  +  Q148H. Culture #1 initially selected 
G140S  +  Q148R but later switched to Q148H (not 
shown). Two of the five cultures were not able to repli-
cate at higher raltegravir concentrations. When an earlier 
passage of both cultures was sequenced, no mutations 
in the viral integrase were found so these cultures were 
discontinued. A third culture only selected an L68V sub-
stitution, but this virus did not demonstrate phenotypic 
resistance when tested (data not shown).
Discussion
We investigated the impact of the genetic background 
and viral population size on the development and evo-
lution of raltegravir resistance in vitro and in vivo. Deep 
sequencing revealed presence of major raltegravir resist-
ance mutations at baseline in 3/5 patients (patients (1, 3 
and 4, Fig. 2a) at very low frequencies (≤ 0.2%). Only the 
major resistance mutation detected before therapy in Pt3, 
Y143C (0.2% in 2nd sample on day 0), ultimately became 
the dominant variant in the resistant population although 
it surprisingly disappeared from the subsequent sample 
to reappear in the 4th sample (11.8% on day 70). In the 
final sample (169 days) Y143C was not detected anymore 
but virus with mutation Y143R completely dominated 
the viral population. In the majority of subtype B viruses, 
the Y143R substitution requires two nucleotide changes 
(Y143 = TAC → TGC = 143C → CGC = 143R). So it 
appears that the Y143C variant detected at baseline 
facilitated selection of the more resistant Y143R variant 
[27] in this patient. In Pt 1, secondary resistance muta-
tion E138K was detected at baseline (0.1%) and appeared 
to have acquired Q148K as in the subsequent sample a 
double mutant with E138K + Q148K was detected (0.5%) 
which persevered in the population (44.7% in the final 
sample). This suggests that minor variants present at 
baseline can play a role in the development and evolu-
tion of raltegravir resistance but are not essential for the 
emergence of resistance [40–42], which is also seen for 
other drug classes [43, 44].
Remarkably, in Pt1 a variant with major mutation 
N155H and no apparent secondary resistance muta-
tions emerged after and then co-existed alongside 
the E138K  +  Q148K double mutant, each comprising 
roughly 50% of the viral population. This suggests a fit-
ness advantage for the N155H single mutant over the 
E138K + Q148K double mutant. This is unexpected con-
sidering the in  vitro observations regarding resistance 
and replication of these mutants [17, 45, 46]. A possible 
explanation could be the so-called hitchhiking effect; 
this particular variant had a fitness advantage that was 
located outside the investigated region. For instance, 
resistance against any of the other antiretrovirals in the 
therapy regimen (e.g. efavirenz) could have been present 
in this variant but not in the other variants. While the 
chances that this occurs in one of the minority variants 
and not in any of the dominant species are small, the pos-
sibility cannot be excluded. Another possible explana-
tion is that the variant with the N155H mutation is more 
fit than the E138K +  Q148K mutant in the presence of 
raltegravir in this particular setting due to other factors 
(e.g. specific viral genetic background, immunological 
host factors, etc.).
We also observed a correlation between the number of 
unique sequence variants emerging and the magnitude of 
the virological response. Good virological response in Pts 
1, 2 and 5 (> 2 log reductions in HIV-1 RNA) coincided 
with the number of unique sequence variants observed; 
the proportion of unique sequence variants increased 
when the viral load dropped. Pts 3 and 4 demonstrated 
moderate responses with viral load drops of around 1 
log and showed no change in the relative frequencies of 
unique variants over the course of sampling. This sug-
gests that in Pts 1, 2 and 5, treatment with raltegravir 
induced an elevated diversification to escape drug pres-
sure while in Pts 3 and 4 the pressure on the population 
seemed to occur to a much lesser extent. This observation 
reminds of the explosive diversifications on a macro-evo-
lutionary scale observed in other fields of biology after 
ice ages and the cataclysmic extinction of dinosaurs [47, 
48]. However, regardless of treatment efficacy, i.e. both 
in patients with less dramatic and more severe virus load 
reductions, raltegravir resistance mutations developed 
and multiple resistance pathways were observed in 4/5 
patients. The large extinction opens up previously occu-
pied niches for new virus variants, (1) such that all new 
mutations are accepted and not compete for resources 
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until the population regains a size limited by the carrying 
capacity of the system, or (2) most of the diversity pre-
existed as a permanent, extremely low frequency pool of 
highly diverse viruses persisting in the shadow of more 
fit and high frequency variants. Once the high frequency 
variants are eradicated (e.g. by newly introduced drugs) a 
glimpse of that diversity surfaces. The larger the impact 
on the high frequency variants (i.e. reduction in viral 
load) the larger the proportion of the low frequency pool 
appears (i.e. number of unique variants increases when 
the viral load drops). Subsequently, one or two of the 
low frequency variants gain fitness in the new environ-
ment and become dominant, lowering the mean diversity 
again. The same can be argued from the point of viral 
escape. If the viral population doesn’t have to go that low 
to find fit variants (in the new environment), the impact 
on viral load is also less severe.
The raltegravir in  vitro selections in which we mim-
icked population bottlenecking by using a low MOI 
allowing all resistant variants that are generated to 
emerge, clearly indicate that the resistance pathway that 
is selected to escape raltegravir pressure is not predis-
posed in the genetic background of the integrase CDS. 
Evaluation of the combined in vivo and in vitro data indi-
cates that stochastic selection plays a major role during 
the initial development of raltegravir resistance.
In conclusion, the development and evolution of ralte-
gravir resistance can be separated in multiple phases/
components: (1) minority variants present at baseline can 
contribute to the emergence of raltegravir resistance but 
this is not preordained and seems to occur arbitrarily; (2) 
during the viral load drop due to drug pressure a burst 
of new sequence variants emerges creating diversifying 
selection; (3) these new variants usually include multi-
ple raltegravir resistant variants (from multiple resist-
ance pathways) that can pass the imposed bottleneck; 
(4) competition of these resistant variants determines 
the ultimate shape of the viral population. The resistant 
population can be the product of a single variant that 
outcompetes all others and only one variant represents 
the population or multiple variants with a similar fitness 
emerge that coexist in the viral population.
Further investigation is needed to better assess the 
exact impact of baseline minority resistance variants and 
the population size on the development and evolution of 
raltegravir resistance and determine the clinical implica-
tions of these factors.
Conclusions
Emergence of resistance against integrase inhibitor ralte-
gravir in HIV-1 patients is generally associated with 
selection of one of three distinct resistance pathways. The 
mechanisms that drive selection of a specific pathway 
are still poorly understood. Using deep sequencing we 
observed an inverse correlation between the virologi-
cal response and the relative amount of unique sequence 
variants emerging, suggesting diversifying selection dur-
ing drug pressure. In 4/5 patients multiple signature 
mutations representing different resistance pathways 
were observed. In addition, in  vitro selections revealed 
that identical viral clones were also able to select muta-
tions from different resistance pathways indicating that 
raltegravir resistance is not predisposed in the genetic 
background of the viral integrase. Importantly, raltegra-
vir resistance develops progressively and discontinuation 
during early phases of therapy failure is justified to pre-




HIV-1 RNA was isolated using the Nuclisens Islolation 
kit (BioMérieux, Boxtel, The Netherlands). Briefly, 100 μl 
of sample was mixed with 900  μl lysisbuffer and 40  μl 
silica and incubated for 10 min at room temperature to 
allow binding of the nucleic acid to the silica particles. 
Unbound material was removed by several washing steps 
after which the RNA was eluted at 56 °C with 100 μl of 
40 ng/µl poly-A RNA. The isolated viral RNA was used 
to reverse transcribe and amplify the viral integrase cod-
ing region in a single-step reaction using the Titan One 
Tube RT-PCR kit (Roche). The RT-PCR was conducted 
with primers 5′INoutF1 (5′-GGA ATC ATT CAA GCA 
CAA CCA GA-3′; 4059–4081) and 3′INoutR1 (5′-TGT 
ATG CAG ACC CCA ATA TGT TG-3′; 5262–5241). The 
amount of amplified product was further enhanced in a 
second PCR using the Expand High fidelity kit (Roche) 
with primers 5′INinF1 (5′-TAT CTG GCA TGG GTA 
CCA GCA C-3′; 4143–4164) and 3′INinR1 (5′-TAG 
TGG GAT GTG TAC TTC TGA AC-3′; 5217–5195). 
All PCR-amplified products were purified using the 
QIAquick PCR purification kit (Qiagen, Leusden, The 
Netherlands). Sequence analysis was performed with the 
BigDye Terminator v3.1 Cycle Sequencing Kit (Applied 
Biosystems, Foster City, CA, USA). Integrase sequences 
were obtained using six primers: Intseq1 (5′-ATT GGA 
GGA AAT GAA CAA GT-3′; 4173–4192), Intseq2 (5′-
AGC AGA AGT TAT TCC AGC AG-3′; 4484–4503), 
INT-3 (5′-TTC GGG TTT ATT ACA G-3′; 4897–4912), 
INT-4 (5′-CTT GTA TTA CTA CTG C-3′; 4986–4971), 
Intseq-5 (5′-CTG GCT ACA TGA ACT GCT AC-3′; 
4470–4452) and 3′INinR2 (5′-GCT TTC ATA GTG ATG 
TCT ATA AAA CC-3′; 5178–5153). Sequence editing 
and contig assembly were performed using SeqScape 
v2.6 (Applied Biosystems) with HXB2 as a reference 
sequence.
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Next‑generation sequencing and data analysis
To examine the mutation frequencies within the viral 
integrase by pyrosequencing, RNA was reverse tran-
scribed and amplified in a single step in a touch-down 
PCR using bar-coded primers to enable 454 pyrose-
quencing with pooled amplicons. The integrase core 
domain from amino acid position 53 to amino acid 180 
was analyzed. All mutations in the viral integrase at 18 
different codons associated with raltegravir resistance 
[16, 20, 23, 45, 49–52] were evaluated and included 
amino acids: T66, L68, V72, L74, E92, Q95, T97, F121, 
E138, G140, Y143, Q148, V151, N155, K156, E157, K160 
and G163.
All amplicons were purified with AMPure magnetic 
beads (Agencourt, Beckman Coulter, Krefeld, Germany), 
quality checked and quantified using an Agilent 2100 Bio-
analyser (Agilent Life Sciences, Waldbronn, Germany) 
and picogreen using the fluorometer Fluostar Optima 
(BMG Labtech, Offenburg, Germany), respectively. After 
equimolar pooling of the amplicons, emulsion PCRs 
were performed. Pyrosequencing was done using prim-
ers A and B (Titanium emPCR kit Lib-L v2; Roche-454 
Life Sciences, Branford, CT, USA). After bead recovery 
and enrichment, approximately 250,000 beads per pool 
were loaded on one region of a GS FLX PicoTiter plate 
subdivided with a four-lane gasket. Pyrosequencing was 
performed on a Genome Sequencer FLX (Roche-454 Life 
Sciences). Sequence readings from the 454 pyrosequenc-
ing run were extracted directly from the Standard-Flow-
gram-Files (sff). Reads were pair-wise aligned against the 
integrase sequence of reference strain HXB2. Multiple 
mutations present in a single read were assumed to origi-
nate from the same genome.
The dynamics of the sequence populations were 
investigated on de-aligned sets to avoid artifacts due to 
inconsistent alignment gap placements using statistical 
functions in R [53]. For the analyses of the dominant vari-
ants in the populations, the redundancy-level for calling 
a variant was set at 80, i.e. only variants detected at least 
80 times were considered. This level resulted in a strict 
filter that removed all known 454-sequencing artifacts 
[54–56]. The resulting dominant variants were aligned 
using MAFFT [57] and distance matrices were estimated 
using the R library ape [58] under a F84 substitution 
model (the choice of substitution model had no effect on 
the subsequent analyses). The R library sna [59] was used 
to construct minimum spanning trees (MSTs) based on 
the distance matrices of patient’s HIV population. Nodes 
were scaled according to both viral load and the relative 
abundance of each detected variant at time of sampling. 
We tracked known resistance mutations on the edges and 
edge lengths were drawn arbitrary in order to make the 
resulting graphs easy to look at.
Construction of deletion clone HXB2∆INT
An HXB2 molecular clone (pHXB2AF) was used to con-
struct a molecular deletion clone lacking the integrase 
coding region. pHXB2AF is derived from pHXB2WT 
[60], which expresses the full length HIV-1 sequence 
HXB2 (9719  bp, Genbank accession number K03455.1), 
with all bacterial sequences non-essential for bacterial 
expression and replication removed.
The NdeI site present in Gp120 (at HXB2 nt 6404) was 
inactivated to create a unique NdeI site at the 3′ end of 
the integrase CDS. Therefore pHXB2AF was digested 
with NcoI (Roche Diagnostics, Almere, The Nether-
lands) and NheI (New England Biolabs, Ipswich, MA, 
USA) to remove a 1586 bp fragment containing the NdeI 
site. PCR, using  VentR ® DNA polymerase (New Eng-
land BioLabs) was performed on pHXB2AF with prim-
ers, NcoI-out (5′ CAC TAG AGC TTT TAG AGG AGC 
TTA AGA-3′; 5614–5640), NheI-out (5′-TTT TAT TAT 
TTC CAA ATT GTT CTC TTA-3′; 7296–7270) and 
NdeI-KO (5′-TCA GAT GCT AAA GCG TAT GAT ACA 
G-3′; 6390–6414). Primer NdeI-KO contained one silent 
nucleotide change (underlined) to inactivate the NdeI site 
in the PCR fragment. The amount of amplified product 
was further increased and enriched by performing a sec-
ond amplification using  VentR ® DNA polymerase with 
primers NcoI-in (5′-GAG CTT TTA GAG GAG CTT 
AAG AAT GAA-3′; 5619–5645), NheI-in (5′-ATT GTT 
CTC TTA ATT TGC TAG CTA TCT-3′; 7281–7255) 
and NdeI-KO. This PCR fragment was then digested with 
NcoI and NheI and ligated with the digested pHXB2AF, 
resulting in pHXB2AFNdeIKO which was confirmed by 
sequence analysis of the complete fragment.
Subsequently, the integrase coding region was removed 
from pHXB2AFNdeIKO. Therefore pHXB2AFNdeIKO 
was digested with MluNI (Roche) and NdeI (New Eng-
land BioLabs). The fragment between MluNI and the 
5′ end of integrase was restored by performing a PCR 
on pHXB2AF using primers RT19 (5′-GGA CAT AAA 
GCT ATA GGT ACA G-3′; 2454–2472) and NgoMIV-
INTlinker (5′-TAA TAT CAT ATG GAC AGC GTC 
GCC GGC ACT GAC TAA TTT ATC TAC TTG TTC-
3′). Primer NgoMIV-INTlinker contained two silent 
nucleotide changes with respect to pHXB2AFNdeIKO, 
thereby introducing a unique NgoMIV site (underlined 
4209–4214) in the PCR fragment. In addition to these 
nucleotide changes the primer NgoMIV-INTlinker con-
tains a linker sequence with a unique NdeI site and an 
AspI site. AspI was used to prevent re-ligation of the vec-
tor and the linker. The amount of amplified product was 
further increased and enriched by performing a second 
amplification using  VentR ® DNA polymerase with prim-
ers RT19new2 (5′-GGA CCT ACA CCT GTC AAC ATA 
ATT GG-3′; 2484–2509) and NgoMIV-INTlinker. The 
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PCR fragment was then digested with MluNI and NdeI 
and ligated with the digested pHXB2AFNdeIKO, result-
ing in a molecular deletion clone lacking the integrase 
coding region (pHXB2AFΔINT), which was confirmed 
by sequencing the complete fragment.
Generation of recombinant virus
To generate recombinant viruses, the second PCR as 
described in the population sequencing section, was 
performed with a different primer pair: forward primer 
NgoMIV-Int2 (5′-TTA GTC AGT GCC GGC ATC AGG 
AAA G-3′; 4200–4224) which contains a NgoMIV restric-
tion site (underlined) and reverse primer 3INinR2. The 
obtained integrase fragment and vector pHXB2AFΔINT 
were digested with restriction enzymes NgoMIV (New 
England BioLabs) and NdeI. The PCR product and vector 
pHXB2AFΔINT were ligated overnight at 4 °C using the 
Rapid Ligation System (Promega, Benelux, Leiden, The 
Netherlands). After ligation, plasmids were digested with 
AspI and subsequently transformed into competent cells. 
Bacteria were cultured overnight at 37 °C. Plasmid isola-
tion was performed using the QIAgen Plasmid Mini kit 
(Qiagen).
Viruses were generated by transfecting 293T cells with 
10 ug plasmid DNA using Lipofectamine 2000 reagent 
(Invitrogen) according the manufacturer’s protocol. Two 
days after infection cell free virus was harvested and the 
viral infectivity  (TCID50) was determined using end-
point dilutions in MT2 cells.
Viral and cell culture
Cells
SupT1 and MT-2 cells were maintained in RPMI 1640 
medium with l-glutamine (Lonza, Verviers, Belgium) 
supplemented with 10% FBS (FBS; Sigma-Aldrich, Zwi-
jndrecht, The Netherlands) and 10  µg/ml gentamicin 
(Invitrogen, Breda, The Netherlands). 293T cells were 
maintained in DMEM with l-glutamine (Lonza) supple-
mented with 10% FBS and 10 µg/ml gentamicin.
In vitro selection experiments
The raltegravir in  vitro selection experiments with two 
recombinant viruses that contained patient-derived inte-
grase CDS and HIV-1 reference strain HXB2 were each 
performed 5 times. The in vitro selections were initiated 
by infecting 2 × 106 SupT1 cells at a multiplicity of infec-
tion (MOI) of 0.001. The initial raltegravir concentration 
was 2  nM Raltegravir. Cultures were monitored daily 
for cytopatic effect (CPE) and twice a week half of the 
medium was replaced by fresh medium supplemented 
with raltegravir. When full blown CPE was observed, cell 
free virus was harvested. The raltegravir concentration 
was raised in each passage to a final concentration of 
1024  nM in passage 10. After passage 10, HIV-1 RNA 
was isolated from all cultures for genotypic analysis. As 
a control, in  vitro evolution experiments (10 passages) 
were performed with HXB2 reference strain (5 individual 
cultures) to monitor the evolution of the integrase CDS 
during culture in absence of inhibitor.
Phenotypic drug susceptibility analysis
Drug susceptibility was determined by a multiple cycle 
cell-killing assay [61]. MT-2 cells (4 × 104 in 200 µl RPMI 
10% FBS per well) were plated in 96-well microplates. 
Sample virus and reference virus were inoculated for five 
days on a single 96-well plate in the presence of threefold 
dilutions of raltegravir. Both sample virus and reference 
virus were inoculated at multiple MOIs to adjust for any 
differences in viral RC. Fold change (FC) values were 
calculated by dividing the mean 50% inhibitory concen-
tration  (EC50) for a sample virus by that of the HXB2 ref-
erence strain.
Authors’ contributions
AF, LV, AW and MN designed the study. MD, BB, IH and AW collected patient 
information and provided samples or sequences. AF, MD, AT and PS generated 
the data. AF, TL, AW and MN analyzed and interpreted the data and wrote the 
manuscript. All authors read and approved the final manuscript.
Author details
1 Department of Medical Microbiology, Virology, University Medical Center 
Utrecht, Heidelberglaan 100, HP G04.614, 3584 CX Utrecht, The Netherlands. 
2 Theoretical Biology and Biophysics, Los Alamos National Laboratory, Los 
Alamos, NM, USA. 3 Department of General Internal Medicine and Infectious 
Diseases, Ghent University Hospital, Ghent, Belgium. 4 Institute of Immunology 
and Genetics, Kaiserslautern, Germany. 5 Max Planck Institute for Informatics, 
Saarbrücken, Germany. 6 Pediatric Clinic, University Medical Center Mannheim, 
Mannheim, Germany. 7 Department of Internal Medicine and Infectious Dis-
eases, University Medical Center Utrecht, Utrecht, The Netherlands. 8 Depart-
ment of Internal Medicine, Rijnstate Hospital, Arnhem, The Netherlands. 
Acknowledgements
Raltegravir was obtained through the NIH AIDS Reagent Program, Division of 
AIDS, NIAID, NIH: Raltegravir (Cat # 11680) from Merck & Company, Inc.
Competing interests
The authors declare no competing financial or other interests.
Availability of data and material
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.
Consent for publication
Not applicable.
Ethics approval and consent to participate
Patients 1, 2 and 5 are from the Netherlands and are part of the observational 
AIDS Therapy Evaluation in the Netherlands (ATHENA) cohort, which follows 
HIV-positive patients who are registered in on the designated treatment cent-
ers in the Netherlands. Patients can opt-out after being informed on the pur-
pose of data collection by their treating physician. Patients who have decided 
not to opt out are anonymously recorded in a central database. Patients 3 and 
4 are from Germany and their genotypic resistance tests were done in the 
scope of routine diagnostics and no extra blood draws were performed.
Page 12 of 13Fun et al. Retrovirology  (2018) 15:1 
Funding
This work was supported by (AF) the Dutch AIDS Fund (Project Number 
2006028), (MN) the Netherlands Organization for Scientific Research (NOW 
VIDI Grant 91796349) and TL was supported by the National Institutes of 
Health (NIH Grant R01AI087520). The funders had no role in study design, 
collecting, analyzing or interpreting the data, or in the preparation of the 
manuscript.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.
Received: 18 September 2017   Accepted: 23 December 2017
References
 1. Palella FJ Jr, Delaney KM, Moorman AC, Loveless MO, Fuhrer J, Satten GA, 
Aschman DJ, Holmberg SD. Declining morbidity and mortality among 
patients with advanced human immunodeficiency virus infection. HIV 
Outpatient study investigators. N Engl J Med. 1998;338:853–60.
 2. Boyer JC, Bebenek K, Kunkel TA. Unequal human immunodeficiency virus 
type 1 reverse transcriptase error rates with RNA and DNA templates. 
Proc Natl Acad Sci USA. 1992;89:6919–23.
 3. Ji JP, Loeb LA. Fidelity of HIV-1 reverse transcriptase copying RNA in vitro. 
Biochemistry. 1992;31:954–8.
 4. Menendez-Arias L. Molecular basis of fidelity of DNA synthesis and 
nucleotide specificity of retroviral reverse transcriptases. Prog Nucleic 
Acid Res Mol Biol. 2002;71:91–147.
 5. Bonhoeffer S, May RM, Shaw GM, Nowak MA. Virus dynamics and drug 
therapy. Proc Natl Acad Sci USA. 1997;94:6971–6.
 6. Nowak MA, Bonhoeffer S, Shaw GM, May RM. Anti-viral drug treatment: 
dynamics of resistance in free virus and infected cell populations. J Theor 
Biol. 1997;184:203–17. https://doi.org/10.1006/jtbi.1996.0307.
 7. Nijhuis M, Boucher CA, Schipper P, Leitner T, Schuurman R, Albert J. Sto-
chastic processes strongly influence HIV-1 evolution during suboptimal 
protease-inhibitor therapy. Proc Natl Acad Sci USA. 1998;95:14441–6.
 8. Duffy S, Shackelton LA, Holmes EC. Rates of evolutionary change in 
viruses: patterns and determinants. Nat Rev Genet. 2008;9:267–76. 
https://doi.org/10.1038/nrg2323.
 9. Alexander HK, Bonhoeffer S. Pre-existence and emergence of drug 
resistance in a generalized model of intra-host viral dynamics. Epidemics. 
2012;4:187–202. https://doi.org/10.1016/j.epidem.2012.10.001.
 10. Espeseth AS, Felock P, Wolfe A, Witmer M, Grobler J, Anthony N, Egbert-
son M, Melamed JY, Young S, Hamill T, et al. HIV-1 integrase inhibitors that 
compete with the target DNA substrate define a unique strand transfer 
conformation for integrase. Proc Natl Acad Sci USA. 2000;97:11244–9. 
https://doi.org/10.1073/pnas.200139397.
 11. Hare S, Gupta SS, Valkov E, Engelman A, Cherepanov P. Retroviral 
intasome assembly and inhibition of DNA strand transfer. Nature. 
2010;464:232–6. https://doi.org/10.1038/nature08784.
 12. Krishnan L, Li X, Naraharisetty HL, Hare S, Cherepanov P, Engelman 
A. Structure-based modeling of the functional HIV-1 intasome and 
its inhibition. Proc Natl Acad Sci USA. 2010;107:15910–5. https://doi.
org/10.1073/pnas.1002346107.
 13. ISENTRESS™ (raltegravir) for treatment of HIV (NDA 22145 S036). FDA May 
31 2017. https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/0
22145s036,203045s013,205786s004lbl.pdf.
 14. Messiaen P, Wensing AM, Fun A, Nijhuis M, Brusselaers N, Vandekerck-
hove L. Clinical use of HIV integrase inhibitors: a systematic review and 
meta-analysis. PLoS ONE. 2013;8:e52562. https://doi.org/10.1371/journal.
pone.0052562.
 15. Rockstroh JK, DeJesus E, Lennox JL, Yazdanpanah Y, Saag MS, Wan H, 
Rodgers AJ, Walker ML, Miller M, DiNubile MJ, et al. Durable efficacy and 
safety of raltegravir versus efavirenz when combined with tenofovir/
emtricitabine in treatment-naive HIV-1-infected patients: final 5-year 
results from STARTMRK. J Acquir Immune Defic Syndr. 2013;63:77–85. 
https://doi.org/10.1097/QAI.0b013e31828ace69.
 16. Cooper DA, Steigbigel RT, Gatell JM, Rockstroh JK, Katlama C, Yeni P, 
Lazzarin A, Clotet B, Kumar PN, Eron JE, et al. Subgroup and resist-
ance analyses of raltegravir for resistant HIV-1 infection. N Engl J Med. 
2008;359:355–65.
 17. Miller MD, Danovich R, Ke Y, Witmer M, Zhao J, Harvey C, Nguyen BY, 
Hazuda DJ: Longitudinal analysis of resistance to the HIV-1 integrase 
inhibitor raltegravir: results from P005 a phase 2 study in treatment 
experienced patients. In: XVII international HIV drug resistance workshop, 
Sitges, Spain. 2008.
 18. Johnson VA, Brun-Vezinet F, Clotet B, Gunthard HF, Kuritzkes DR, Pillay D, 
Schapiro JM, Richman DD. Update of the drug resistance mutations in 
HIV-1: December 2010. Top HIV Med. 2010;18:156–63.
 19. Fransen S, Gupta S, Danovich R, Hazuda D, Miller M, Witmer M, Petropou-
los CJ, Huang W. Loss of raltegravir susceptibility by human immunode-
ficiency virus type 1 is conferred via multiple nonoverlapping genetic 
pathways. J Virol. 2009;83:11440–6.
 20. Malet I, Delelis O, Valantin MA, Montes B, Soulie C, Wirden M, Tchertanov 
L, Peytavin G, Reynes J, Mouscadet JF, et al. Mutations associated with 
failure of raltegravir treatment affect integrase sensitivity to the inhibitor 
in vitro. Antimicrob Agents Chemother. 2008;52:1351–8.
 21. Nakahara K, Wakasa-Morimoto C, Kobayashi M, Miki S, Noshi T, Seki T, 
Kanamori-Koyama M, Kawauchi S, Suyama A, Fujishita T, et al. Secondary 
mutations in viruses resistant to HIV-1 integrase inhibitors that restore 
viral infectivity and replication kinetics. Antivir Res. 2009;81:141–6.
 22. Quercia R, Dam E, Perez-Bercoff D, Clavel F. Selective-advantage profile of 
human immunodeficiency virus type 1 integrase mutants explains in vivo 
evolution of raltegravir resistance genotypes. J Virol. 2009;83:10245–9.
 23. Fun A, Van Baelen K, van Lelyveld SF, Schipper PJ, Stuyver LJ, Wensing 
AM, Nijhuis M. Mutation Q95K enhances N155H-mediated integrase 
inhibitor resistance and improves viral replication capacity. J Antimicrob 
Chemother. 2010;65:2300–4.
 24. Blanco JL, Varghese V, Rhee SY, Gatell JM, Shafer RW. HIV-1 inte-
grase inhibitor resistance and its clinical implications. J Infect Dis. 
2011;203:1204–14.
 25. Anstett K, Brenner B, Mesplede T, Wainberg MA. HIV drug resistance 
against strand transfer integrase inhibitors. Retrovirology. 2017;14:36. 
https://doi.org/10.1186/s12977-017-0360-7.
 26. Malet I, Delelis O, Soulie C, Wirden M, Tchertanov L, Mottaz P, Peytavin 
G, Katlama C, Mouscadet JF, Calvez V, Marcelin AG. Quasispecies variant 
dynamics during emergence of resistance to raltegravir in HIV-1-infected 
patients. J Antimicrob Chemother. 2009;63:795–804.
 27. Reigadas S, Anies G, Masquelier B, Calmels C, Stuyver LJ, Parissi V, Fleury 
H, Andreola ML. The HIV-1 integrase mutations Y143C/R are an alternative 
pathway for resistance to Raltegravir and impact the enzyme functions. 
PLoS ONE. 2010;5:e10311. https://doi.org/10.1371/journal.pone.0010311.
 28. da Silva D, Van Wesenbeeck L, Breilh D, Reigadas S, Anies G, Van Baelen K, 
Morlat P, Neau D, Dupon M, Wittkop L, et al. HIV-1 resistance patterns to 
integrase inhibitors in antiretroviral-experienced patients with virological 
failure on raltegravir-containing regimens. J Antimicrob Chemother. 
2010;65:1262–9. https://doi.org/10.1093/jac/dkq099.
 29. Mukherjee R, Jensen ST, Male F, Bittinger K, Hodinka RL, Miller MD, Bush-
man FD. Switching between raltegravir resistance pathways analyzed 
by deep sequencing. AIDS. 2011;25:1951–9. https://doi.org/10.1097/
QAD.0b013e32834b34de.
 30. Goethals O, Vos A, Van Ginderen M, Geluykens P, Smits V, Schols D, 
Hertogs K, Clayton R. Primary mutations selected in vitro with raltegravir 
confer large fold changes in susceptibility to first-generation integrase 
inhibitors, but minor fold changes to inhibitors with second-generation 
resistance profiles. Virology. 2010;402:338–46.
 31. Metifiot M, Vandegraaff N, Maddali K, Naumova A, Zhang X, Rhodes D, 
Marchand C, Pommier Y. Elvitegravir overcomes resistance to raltegravir 
induced by integrase mutation Y143. Aids. 2011;25:1175–8.
 32. Castagna A, Maggiolo F, Penco G, Wright D, Mills A, Grossberg R, Molina 
JM, Chas J, Durant J, Moreno S, et al. Dolutegravir in antiretroviral-
experienced patients with raltegravir- and/or elvitegravir-resistant HIV-1: 
24-week results of the phase III VIKING-3 study. J Infect Dis. 2014;210:354–
62. https://doi.org/10.1093/infdis/jiu051.
 33. Akil B, Blick G, Hagins DP, Ramgopal MN, Richmond GJ, Samuel RM, 
Givens N, Vavro C, Song IH, Wynne B, Ait-Khaled M. Dolutegravir versus 
placebo in subjects harbouring HIV-1 with integrase inhibitor resistance 
Page 13 of 13Fun et al. Retrovirology  (2018) 15:1 
associated substitutions: 48-week results from VIKING-4, a randomized 
study. Antivir Ther. 2015;20:343–8. https://doi.org/10.3851/IMP2878.
 34. Hofstra LM, Nijhuis M, Mudrikova T, Fun A, Schipper P, Schneider M, Wens-
ing A. Use of dolutegravir in two INI-experienced patients with multiclass 
resistance resulted in excellent virological and immunological responses. 
J Int AIDS Soc. 2014;17:19755. https://doi.org/10.7448/IAS.17.4.19755.
 35. Seki T, Kobayashi M, Wakasa-Morimoto C, Yoshinaga T, Sato A, Fujiwara 
T, Underwood MR, Garvey EP, Johns BA: S/GSK1349572 is a potent next 
generation HIV integrase inhibitor and demonstrates a superior resist-
ance profile substantiated with 60 integrase mutant molecular clones. 
In: 17th conference on retroviruses and opportunistic infections, San 
Francisco, CA, USA. 2010.
 36. Brenner BG, Wainberg MA. Clinical benefit of dolutegravir in HIV-1 man-
agement related to the high genetic barrier to drug resistance. Virus Res. 
2017;239:1–9. https://doi.org/10.1016/j.virusres.2016.07.006.
 37. Laskey SB, Siliciano RF. Quantitative evaluation of the antiretroviral effi-
cacy of dolutegravir. JCI Insight. 2016;1:e90033. https://doi.org/10.1172/
jci.insight.90033.
 38. Malet I, Gimferrer Arriaga L, Artese A, Costa G, Parrotta L, Alcaro S, Delelis 
O, Tmeizeh A, Katlama C, Valantin MA, et al. New raltegravir resistance 
pathways induce broad cross-resistance to all currently used integrase 
inhibitors. J Antimicrob Chemother. 2014;69:2118–22. https://doi.
org/10.1093/jac/dku095.
 39. Brenner BG, Thomas R, Blanco JL, Ibanescu RI, Oliveira M, Mesplede T, 
Golubkov O, Roger M, Garcia F, Martinez E, Wainberg MA. Development 
of a G118R mutation in HIV-1 integrase following a switch to dolutegravir 
monotherapy leading to cross-resistance to integrase inhibitors. J Antimi-
crob Chemother. 2016;71:1948–53. https://doi.org/10.1093/jac/dkw071.
 40. Liu J, Miller MD, Danovich RM, Vandergrift N, Cai F, Hicks CB, Hazuda DJ, 
Gao F. Analysis of low-frequency mutations associated with drug resist-
ance to raltegravir before antiretroviral treatment. Antimicrob Agents 
Chemother. 2010;55:1114–9. https://doi.org/10.1128/AAC.01492-10.
 41. Charpentier C, Laureillard D, Piketty C, Tisserand P, Batisse D, Karmochkine 
M, Si-Mohamed A, Weiss L. High frequency of integrase Q148R minority 
variants in HIV-infected patients naive of integrase inhibitors. AIDS. 
2010;24:867–73. https://doi.org/10.1097/QAD.0b013e3283367796.
 42. Codoner FM, Pou C, Thielen A, Garcia F, Delgado R, Dalmau D, Santos JR, 
Buzon MJ, Martinez-Picado J, Alvarez-Tejado M, et al. Dynamic escape of 
pre-existing raltegravir-resistant HIV-1 from raltegravir selection pressure. 
Antivir Res. 2010;88:281–6. https://doi.org/10.1016/j.antiviral.2010.09.016.
 43. Johnson JA, Geretti AM. Low-frequency HIV-1 drug resistance mutations 
can be clinically significant but must be interpreted with caution. J Anti-
microb Chemother. 2010;65:1322–6. https://doi.org/10.1093/jac/dkq139.
 44. Li JZ, Paredes R, Ribaudo HJ, Svarovskaia ES, Metzner KJ, Kozal MJ, Hullsiek 
KH, Balduin M, Jakobsen MR, Geretti AM, et al. Low-frequency HIV-1 drug 
resistance mutations and risk of NNRTI-based antiretroviral treatment 
failure: a systematic review and pooled analysis. JAMA. 2011;305:1327–35. 
https://doi.org/10.1001/jama.2011.375.
 45. Kobayashi M, Nakahara K, Seki T, Miki S, Kawauchi S, Suyama A, Wakasa-
Morimoto C, Kodama M, Endoh T, Oosugi E, et al. Selection of diverse and 
clinically relevant integrase inhibitor-resistant human immunodeficiency 
virus type 1 mutants. Antivir Res. 2008;80:213–22.
 46. Hu Z, Kuritzkes DR. Effect of raltegravir resistance mutations in HIV-1 
integrase on viral fitness. J Acquir Immune Defic Syndr. 2010;55:148–55. 
https://doi.org/10.1097/QAI.0b013e3181e9a87a.
 47. Weir JT, Haddrath O, Robertson HA, Colbourne RM, Baker AJ. Explosive 
ice age diversification of kiwi. Proc Natl Acad Sci USA. 2016;113:E5580–7. 
https://doi.org/10.1073/pnas.1603795113.
 48. Halliday TJD, Goswami A. Eutherian morphological disparity across the 
end-Cretaceous mass extinction. Biol J Lin Soc. 2016;118:152–68.
 49. Charpentier C, Karmochkine M, Laureillard D, Tisserand P, Belec L, 
Weiss L, Si-Mohamed A, Piketty C. Drug resistance profiles for the HIV 
integrase gene in patients failing raltegravir salvage therapy. HIV Med. 
2008;9:765–70.
 50. Goodman D, Hluhanich R, Waters J, Margot NA, Fransen S, Gupta S, 
Huang W, Parkin N, Borroto-Esoda K, Svarovskaia ES, et al: Integrase 
inhibitor resistance involves complex interactions among primary and 
secondary resistance mutations: a novel mutation L68V/I associates with 
E92Q and increases resistance. In: XVII international HIV drug resistance 
workshop, Sitges, Spain. 2008.
 51. Markowitz M, Nguyen BY, Gotuzzo E, Mendo F, Ratanasuwan W, Kovacs C, 
Prada G, Morales-Ramirez JO, Crumpacker CS, Isaacs RD, et al. Rapid and 
durable antiretroviral effect of the HIV-1 integrase inhibitor raltegravir as 
part of combination therapy in treatment-naive patients with HIV-1 infec-
tion: results of a 48-week controlled study. J Acquir Immune Defic Syndr. 
2007;46:125–33.
 52. Sichtig N, Sierra S, Kaiser R, Daumer M, Reuter S, Schulter E, Altmann A, 
Fatkenheuer G, Dittmer U, Pfister H, Esser S. Evolution of raltegravir resist-
ance during therapy. J Antimicrob Chemother. 2009;64:25–32.
 53. Team RDC: R: a language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. http://www.R-
project.org. 2008.
 54. Brodin J, Mild M, Hedskog C, Sherwood E, Leitner T, Andersson B, Albert 
J. PCR-induced transitions are the major source of error in cleaned 
ultra-deep pyrosequencing data. PLoS ONE. 2013;8:e70388. https://doi.
org/10.1371/journal.pone.0070388.
 55. Hedskog C, Mild M, Jernberg J, Sherwood E, Bratt G, Leitner T, Lundeberg 
J, Andersson B, Albert J. Dynamics of HIV-1 quasispecies during antiviral 
treatment dissected using ultra-deep pyrosequencing. PLoS ONE. 
2010;5:e11345. https://doi.org/10.1371/journal.pone.0011345.
 56. Tsibris AM, Korber B, Arnaout R, Russ C, Lo CC, Leitner T, Gaschen B, Theiler 
J, Paredes R, Su Z, et al. Quantitative deep sequencing reveals dynamic 
HIV-1 escape and large population shifts during CCR5 antagonist 
therapy in vivo. PLoS ONE. 2009;4:e5683. https://doi.org/10.1371/journal.
pone.0005683.
 57. Katoh K, Asimenos G, Toh H. Multiple alignment of DNA sequences 
with MAFFT. Methods Mol Biol. 2009;537:39–64. https://doi.
org/10.1007/978-1-59745-251-9_3.
 58. Paradis E, Claude J, Strimmer K. APE: analyses of phylogenetics and evolu-
tion in R language. Bioinformatics. 2004;20:289–90.
 59. Butts SF, Owen C, Mainigi M, Senapati S, Seifer DB, Dokras A. Assisted 
hatching and intracytoplasmic sperm injection are not associated with 
improved outcomes in assisted reproduction cycles for diminished 
ovarian reserve: an analysis of cycles in the United States from 2004 to 
2011. Fertil Steril. 2014;102(1041–1047):e1041. https://doi.org/10.1016/j.
fertnstert.2014.06.043.
 60. van Maarseveen NM, Huigen MC, de Jong D, Smits AM, Boucher CA, 
Nijhuis M. A novel real-time PCR assay to determine relative replica-
tion capacity for HIV-1 protease variants and/or reverse transcriptase 
variants. J Virol Methods. 2006;133:185–94. https://doi.org/10.1016/j.
jviromet.2005.11.008.
 61. Boucher CA, Keulen W, van Bommel T, Nijhuis M, de Jong D, de Jong MD, 
Schipper P, Back NK. Human immunodeficiency virus type 1 drug sus-
ceptibility determination by using recombinant viruses generated from 
patient sera tested in a cell-killing assay. Antimicrob Agents Chemother. 
1996;40:2404–9.
